The roles of intrauterine growth retardation, energy intake, and food composition in determining circulating and hepatic concentrations of IGF-I in early postnatal life have been determined. Intrauterine growth-retarded, small-for-gestational-age piglets were kept at thermal neutrality and fed sow's milk replacement formula to repletion at 6-h intervals between 2 and 14 d of age. When their appropriate-for-gestational-age littermates were pair-fed this intake, there were no significant differences in plasma or hepatic concentrations of IGF-I. Thus, under conditions of controlled food intake, prenatal undernutrition does not affect the postnatal expression of IGF-I. However, when appropriate-for-gestational-age piglets were fed to repletion at 6-h intervals over the 12 d, they had a significantly greater hepatic IGF-I concentration (p < 0.002) and food intake ( p < 0.001) than the small-for-gestational-age piglets, indicating a critical role for food intake regulation in catch-up growth. Striking differences in growth rate and IGF-I is an important regulator of prenatal and postnatal growth (1-3) affecting both the mitogenesis and differentiation of a variety of cell types (4, 5) . Although produced in many tissues, the liver is the major site of IGF-I synthesis, and the peptide circulates in plasma bound tightly to its high-molecular-weight binding proteins from which it is released by dissociation and binding to its receptor (6) .
Regulation of the plasma concentration of IGF-I is via a complex interaction between nutrient balance, hormonal status, and stage of development (7) . Studies in a wide range of mammalian species have demonstrated a positive correlation between birth weight and plasma concentration of IGF-I (8-11). In neonatal human infants and piglets, plasma IGF-I concentration increases significantly during the first 2 wk of postnatal life (12, 13) . However, it is not clear whether prenatal undernutrition can influence the subsequent postnatal ontogeny of IGF-I IGF-I expression were also found between formula-fed, appropriate-for-gestational-age piglets compared with animals left with the sow. The latter grew much more rapidly ( p < 0.0001) and had considerably higher levels of plasma IGF-I ( p < 0.0001) despite similar hepatic IGF-I concentrations. Differences in plasma IGF-I may have been caused by the high level of IGF-I in maternal milk, by differences in hepatic synthesis and release, or by altered profiles of IGF binding proteins and hence in altered IGF-I clearance from plasma. The regulation of neonatal growth and development by IGF-I in maternal milk now needs to be investigated. (Pediatr Res 36: 77-84, 1994) Abbreviations SGA, small for gestational age AGA, appropriate for gestational age IGFBP, insulin-like growth factor binding protein GH, growth hormone expression. In some studies, plasma levels of IGF-I are reported to be greater in SGA than in AGA human infants postnatally (14, 15) , whereas in others the opposite conclusion has been drawn (16) . Discrepancies between studies in humans could arise because food intake was not controlled or because of genetic differences between subjects, which have been shown to be of importance in the neonatal pig (17) .
Nutritional status exerts a direct influence on plasma IGF-I in many species including man, rat, and pig (18) . In pigs aged 2-4 mo, it has been found that circulating and tissue levels of IGF-I are related to the energy available for growth rather than to the level of energy intake per se; IGF-I concentrations are reduced because of either a low energy intake or a high metabolic demand (19, 20) . However, the extent to which a change in energy intake affects circulating and tissue levels of IGF-I in the early postnatal period is not known.
Many hormones and growth factors, including IGF-I, have been identified in milk from a number of species (21) . By contrast, immunoreactive IGF-I is undetectable in milk replacement formulas used for feeding infants (22) . Whether such a difference in milk composition can influence IGF-I expression in early postnatal life has not been determined.
The present study was therefore directed toward testing the hypothesis that birth weight, level of energy intake, and food composition can significantly influence the circulating and hepatic concentrations of IGF-I in early postnatal life. Studies were carried out in the neonatal pig, thus allowing careful control of food intake, ambient temperature, and genetic origin. Furthermore, not only does this species produce a naturally occurring form of intrauterine growth retardation, but it also makes a particularly good metabolic model for growth in children, because it has a similar critical temperature and zone of thermal neutrality (23) . Part of this work has been the subject of a preliminary communication to the Physiological Society (24) .
METHODS

Animals
Piglets from the Large White herd kept at The Babraham Institute were selected at birth according to body weight. An SGA animal was defined provisionally as one with a birth weight of 0.8 kg or less, whereas the AGA littermates had birth weights of approximately 1.4 kg. Previous investigations had shown that, within the Institute herd, this method selects SGA as distinct from slightly small AGA animals (25) . When birth weight is plotted against the cumulative sample proportion on normal probability paper, a litter without an SGA animal presents a single straight line, whereas SGA piglets appear as clear deviates from this line (26, 27) .
Animals were left with the sow for the first 48 h of life to ensure the acquisition of adequate passive immunity from the colostrum. Thereafter, to enable close control of food intake, some piglets were left with the sow and others were kept in groups of two or three and maintained on a 12-h light:12-h dark cycle (lights on between 0800 and 2000 h) under conditions of thermal neutrality by reducing the ambient temperature gradually from 34 to 30°C between 2 and 14 d of age. These animals were bottle-fed at 6-h intervals with a sow's milk replacement formula (Denkavit "Lifeline" Piglet Milk Replacer, British Denkavit, Poole, Dorset, UK). This formula is available as a complete milk replacer for piglets, and as such it can be used to rear piglets in the absence of the sow. Lifeline, per kg, contains 482 g of sugar (as lactose), 173 g of protein, 159 g of fat, 101 g of ash, 26 g of moisture, 2 g of starch, together with added vitamins, and it provides 17.8 kJ of energy per g. It is reconstituted with water at a concentration of 150 g of powder per 1 L of mixed milk. Food intakes are presented in "Results" as g of diluted milk formula. Body weights of all formula-fed piglets were recorded daily before the meal at 1200 h.
Treatments were continued until 14 d of age. Formulafed animals were then killed at approximately 6 h after the last meal by intracardiac injection of Lethobarb [2 mL 20% (wt/vol) sodium pentobarbitone; Duphar Veterinary Ltd., Southampton, Hampshire, UK] after sedation with Vetalar [0.5 mL ketamine hydrochloride (100 mg1mL); Parke-Davis Veterinary, Pontypool, Gwent, UK]. The liver was removed rapidly, washed in ice-cold 0.9% saline, cut into 3-to 4-g pieces, frozen in liquid nitrogen, and stored at -40°C. Blood samples were collected in heparinized tubes, and, after separation, plasma and whole blood were also stored at -40°C. Similar procedures were carried out with the sow-fed piglets at 2 wk of age. Apart from the conditions of normal animal husbandry, these animals were not disturbed for the 14 d of the study. After removal from the sow on d 14, they were kept at thermal neutrality until being killed approximately 4 h later. For all piglets, several hours had thus elapsed since the time of the last feed, thereby minimizing the effects of this last meal on a number of metabolic and endocrine parameters. Particularly important in this respect would be acute effects on plasma glucose and insulin, because these show a marked inverse relation with IGFBP-1, a protein that plays a role in minimizing the effects of cellular substrate deprivation (1, 6).
Study I: prenatal nutrition. The aim of this study was to determine whether prenatal undernutrition can affect the subsequent postnatal expression of tissue and circulating levels of IGF-I. Investigations were carried out in seven litters of animals, each consisting of one SGA piglet and two AGA littermate controls of the same sex. A controlled amount of food was provided during the first 2 wk of life, using the following procedure: the AGA animals were pair-fed the SGA piglet's ad libitum food intake at each feed (given at 6-h intervals). Two systems of pairfeeding were used: the first AGA animal was fed on the basis of metabolic body size (body eight'.^'), whereas the second AGA animal was given the same absolute amount of food as its SGA littermate. The exponent 0.67 (i.e. food intake per was used in preference to 1.0 (i.e. food intake per kg) because not only is heat loss related more closely to surface area (body than to mass (body weight'.'), but resting metabolic rate in animals of different size is related to a power of body weight that lies between two thirds and three quarters (23) , and, for the young pig, the value is close to 0.67. The three treatment groups were designated SGA,,,, AGA,,,, and AGA,,,. During the course of investigation, one SGA and one AGA animal had difficulties with feeding, and as a result failed to grow normally and had to be withdrawn from the study. A minimum of six litters in each treatment group was thus available for the final analysis.
Study 2: postnatal nutrition. In this study, the influences of both the quantity and composition of the early postnatal diet on tissue and plasma expression of IGF-I were investigated. Six pairs of AGA piglets were first studied: within each pair, one animal was fed ad libitum at 6-h intervals (AGA,,) and its littermate was fed 50% of this intake on the basis of metabolic body size (AGA,,,). A further six piglets from three different litters were left with the sow throughout the 2-wk period of investigation (AGk,).
Average litter size was 12 piglets, and apart from normal procedures of animal husbandry these animals were not disturbed during the first 2 wk of life. In this latter group, it was thus not possible to determine the rates of growth or food intakes of the animals because such procedures would have disrupted their normal feeding behavior.
Estimation of Plasma and Tissue Contents of IGF-I
The methods were based on those described previously (28, 29) and have been described in detail elsewhere (20) . Briefly, IGF-I was first separated from its binding proteins under acid conditions for both plasma and tissues. For determining net tissue IGF-I content, the plasma-derived IGF-I trapped in the tissue was subtracted from the total tissue IGF-I; this involved determination of the Hb content of the tissues and the measurement of hematocrit. For RIA of IGF-I, the antiserum was anti-IGF-I rabbit antiserum (UB3-189; generously given by Dr. L. Underwood and Dr. J. J. Van Wyk, via the Hormone Distribution Program of the National Institute of Diabetes and Digestive and Kidney Diseases through the National Hormone and Pituitary Program) for human IGF-I, and it was used in a 1 5 0 000 dilution. Standards were recombinant human IGF-I (Bachem Ltd., Saffron Walden, Essex, UK); human IGF-I was labeled by the Iodo-Gen method (Pierce Chemical Company, Pierce & Warriner Ltd., Chester, Cheshire, UK) and used at an activity of 12 000 cpml100 FL. Separation of bound from free ' 2 5~-~~~-~ was accomplished with a second antibody of sheep antiserum to rabbit IgG (kindly provided by Dr. C. G. Prosser, The Babraham Institute) used at a 1:5 dilution; normal rabbit serum was used as a carrier. These methods have been shown to yield a good recovery of IGF-I, with no interference in the assay from IGF binding proteins (30) (31) (32) . To allow comparisons between studies 1 and 2, all samples were analyzed within the same assay.
Statistical Analysis
The data were analyzed using version 5 of the statistical package Genstat (Lawes Agricultural Trust, Rothamsted, Hertfordshire, UK). Overall, there were six treatments: SG&, (A), AG&,s (B), AGAabs (C), AG&, (D), AGA,,, (E), and AG&, (F), and these fell into three sets: A,B,C; D,E; and F, depending on whether or not the treatments could be paired within litters. Thus, the analysis for comparing treatments within the first set, A,B,C, was a randomized block design, where blocks were litters; analysis was similar for D,E. Treatment F was the only treatment that, of necessity, could be applied to a particular litter. Hence, comparisons between any two treatments within the above sets were made using paired t tests, and comparisons between any two treatments that belonged to different sets were made by unpaired (Welch) tests; allowance was made for missing values where necessary. Welch tests were used because they do not assume equality of variance for the two treatments (33) .
RESULTS
Study 1: Prenatal Nutrition
Growth rates (Table I) . At birth, the SGA piglets were approximately 50% lighter than their littermates. Although this difference in body weight tended to be maintained throughout the 2-wk period of investigation, the rate of weight gain of the SGA animals was greater than that of the AGA animals. This apparently greater efficiency of food conversion in the SGA animals compared with their pair-fed AGA littermates may have been a consequence, in part, of the lower level of physical activity observed in the SGA animals. As expected, the growth rate of the AGA,,, animals was slightly greater than that of the AGAabS group because of the slight difference in food intake.
Tissue and plasma levels of IGF-I (Fig. I ) . At 14 d of age, there were no significant differences between the hepatic concentrations of IGF-I in SGA animals compared with their pair-fed AGA littermates, whether they were fed in relation to body size or fed the same amount of food. Similarly, there was no effect of prenatal undernutrition on the plasma level of IGF-I. In addition, no significant differences in plasma or tissue levels of IGF-I were observed between the two AGA groups on the different levels of food intake. This may have been because the difference in intake between the two groups was relatively small.
Study 2: Postnatal Nutrition
Growth rates (Table 2 ). Postnatal nutritional status had a significant effect on the growth of the AGA animals. At * Growth rates and food intakes of SGA piglets fed to repletion at 6-h intervals (SGA,,) between 2 and 14 d of age and their AGA littermates, which were pair-fed the SGA intake on the basis of metabolic body size (AGA,,,,,) or were given the same absolute amount of food (AGA,,,).
Results are mean values + SEM. 14 d of age, the group fed sow's milk replacement formula to repletion at 6-h intervals (AGA,,) were heavier ( p < 0.001) than their littermates restricted to half their food intake (AGAso%). Growth rates during the period of study were also greater in the AGA,, animals than in the AGA,,, animals. Particularly striking, however, was the finding that the animals left with the sow grew much more rapidly (p < 0.0001) than either of the groups fed the there is no effect of prenatal nutritional status on postnatal expression of IGF-I. However, when comparisons are made between SGA and AGA groups fed to repletion, it is seen that prenatal nutritional status can have a significant influence on IGF-I expression by 2 wk of age. Comparisons between the SGA,, and AGA,, groups revealed that the AGA,, group had a significantly higher hepatic concentration of IGF-I ( p < 0.002) than did the SGA,,,, group (compare Figs. 1 and 2) . The ad libitum food intake of the SGA animals was also much smaller than that of the AGA animals. For example, at 14 Tables 1 and 2 ).
Postnalal nutrition. Figure 3 shows that, when all the results for formula-fed animals are considered together, there is a close positive correlation between energy intake and hepatic IGF-I concentration (r = 0.77; p c 0.001). However, no such relation was found between energy intake and the concentration of plasma IGF-I (r = 0.02;p > 0.1). cerned with I) the effects of birth weight and prenatal undernutrition on subsequent development; 2) the role of energy intake in the early postnatal period; and 3) the influence of maternal milk compared with a replacement milk formula. Eflects of birth weight and intrauterine growth retardation. In many studies of the human infant, a strong positive correlation has been observed between plasma IGF-I and birth weight (12, 16, 34) . In neonatal pigs, when comparisons are made within a breed, body weight and plasma IGF-I at birth are also positively correlated, with SGA piglets having significantly lower circulating levels of IGF-I than their AGA littermates (17) . By contrast, Wang et al. (15) reported an inverse relation between plasma IGF-I and birth weight. This may have been related to the extremely wide variation observed in their subjects: the range of IGF-I in serum from the umbilical vein was 0.014-0.140 pmollL (n = 7) and 0.005-0.133 pmol/L (n = 83) for SGA and AGA subjects, respectively. It is not certain whether any of the infants had been fed between birth and sampling, because samples were collected between 0700 and 2300 h only to avoid the nocturnal peak in circulating IGFBP-1. Feeding of colostrum could have resulted in high levels of plasma IGF-I and, in addition, differences may have been related to genetics, because this can itself affect plasma levels of IGF-I in the neonate (17) .
DISCUSSION
Interactions between nutritional status, insulin, and GH are involved in the regulation of plasma IGF-I concentration (2, 7). Low levels of circulating IGF-I in growth-retarded, SGA neonates are probably caused by prenatal undernutrition. Thus, studies of experimental growth retardation in fetal rats suggest that nutrient supply may be a limiting factor in the release of both insulin and IGF-I (35), and maternal fasting during late gestation has been found to reduce plasma IGF-I levels in fetal lambs (36) . A difficulty with many studies is that it is not possible to differentiate between the relative importance, for example, of nutrition and insulin availability as modulating factors for IGF-I synthesis (37) . The probability is that even when nutrient supply is optimal, insulin is obligatory for the maintenance of IGF synthesis and growth rate during late gestation (38) . Although GH is known to play an important role in postnatal regulation of IGF-I synthesis, its precise role in prenatal growth is not clear. It is possible that this could vary between species and be related to the relative stage of maturity attained before birth (39) . Even though plasma GH levels may not change, prenatal undernutrition could reduce GH receptor numbers, and hence the hepatic synthesis of IGF-I, in a manner similar to that occurring in postnatal undernutrition (40, 41) .
As pointed out by ThiCriot-PrCvost et al. (16) , studies of regulatory mechanisms controlling postnatal catch-up growth in SGA infants are necessary for determining guidelines in the obstetrical and pediatric management of fetal growth retardation. The present finding that at 2 wk of age there is no difference in either plasma or liver concentrations of IGF-I between SGA piglets and pairfed AGA littermates can be interpreted in two ways: either the SGA piglets have exhibited a catch-up phenomenon or the pair-fed AGA piglets have relatively low IGF-I levels because their food intake has been restricted to that of the SGA animals. A comparison between the results for studies 1 and 2 suggests that the second explanation is more likely to be valid, because when animals are fed to repletion, hepatic IGF-I concentration is approximately twice as great in AGA animals as in SGA animals. This indicates marked differences in IGF-I synthesis, and possibly also in hepatic storage mechanisms and kinetics of IGF-I release from liver to plasma. The present findings indicate that the ability of SGA animals to synthesize, and perhaps store and release, hepatic IGF-I is probably limited by their low ad libitum food intake. During the critical first 2 wk of postnatal development, this limit on the capacity to consume food could therefore result in a permanent change in IGF-I status and hence in the growth and development of the SGA individual.
The extent to which hepatic IGFBP synthesis is affected by perinatal nutritional status also needs to be determined. Plasma concentrations of IGFBP are influenced by both chronic and acute changes in postnatal energy status, with IGFBP-3 increasing and IGFBP-2 decreasing when the availability of energy for growth is increased (31) , and IGFBP-1 being inversely related to plasma levels of insulin and glucose (6) . Despite a very wide variation in IGFBP-1 of newborn human infants, there was the suggestion of an inverse relation with birth weight, with high levels playing a potentially important role in inhibiting the action of IGF-I (15). Furthermore, in vitro studies on muscle from neonatal SGA rats have shown that, compared with muscle from AGA controls, the muscle does not increase its protein synthetic rate in response to IGF-I (42) and that the reduced growth potential of SGA infants could be related to differential secretions of IGF and IGFBP (43) .
Role of energy intake in the early postnatal period. Comparison of the results for all formula-fed piglets indicated a close positive correlation between energy intake and hepatic IGF-I concentration (Fig. 3) . This is consistent with findings in 2-mo-old pigs, in which a 50% reduction in energy intake over a 5-wk period caused a significant reduction in hepatic IGF-I (20) . Recent evidence using highly sensitive RNase protection assays suggests that this reduction in IGF-I concentration could be caused partly by changes in gene expression, with a reduction in hepatic IGF-I mRNA and potentially in synthesis of the IGF-I peptide occurring in animals with a low energy intake (44) .
Unlike liver IGF-I concentration, there was no clear correlation between plasma IGF-I and energy intake in animals at 2 wk of age. This is in marked contrast with older animals, in which circulating IGF-I is found to be related directly to the energy status of the individual (18, 19) . In addition, there is a close positive correlation between plasma and liver concentrations of IGF-I in 2-mo-old animals (20) . The reasons for these differences between neonatal and older animals remain to be established. However, the present finding of no difference in plasma IGF-I in one group of piglets consuming twice as much food as another could be related to differences in release from the tissues or clearance from the plasma, indicating the need for studies on the kinetics of IGF-I and its binding proteins.
Influence of maternal milk versus replacement formula feed. One of the most striking findings of the present investigation was the very much higher concentration of plasma IGF-I in piglets left with the sow compared with those fed a sow's milk replacement formula. This occurred despite there being no difference in liver IGF-I content between the two groups, and a number of suggestions can be advanced to explain this finding. The first possibility is that the primary source of IGF-I in animals left with the sow was the milk. This contrasts with the formula-fed animals, in which the liver would have been the major source of IGF-I. There is some discrepancy between studies as to the precise amount of IGF-I contained in the milk of different species (29, 45, 46) , and this could be related in part to differences in methodology. In general, however, IGF-I is present (21) , although there tends to be large individual variation (47) and colostrum tends to contain more IGF-I than does mature milk. Previous investigations on milk composition have shown that sow's milk, and particularly colostrum, is high in IGF-I content (48) . By contrast, the replacement formula used in the present study did not contain IGF-I, confirming the observation of Nagashima et al. (22) on cow's milk-based infant formulas.
Another possible explanation for the large difference in plasma IGF-I level between maternally fed and formulafed piglets is that there were differences in IGFBP profiles between the two groups. Such differences could affect the clearance and degradation rates of plasma IGF-I. A high proportion of circulating IGF is associated with IGFBP-3, and because its half-life is considerably increased when in the ternary complex, the steady state level of plasma IGF-I depends critically on IGFBP-3 (6). In young animals, there can also be a high level of IGFBP-2 in the circulation (31) , and this may regulate IGF availability under conditions where the amount of ternary complex is not great enough to carry all the IGF in the circulation (6) . Previous investigations of 2-mo-old piglets have demonstrated a positive relation between energy intake and IGFBP-3 and an inverse relation with IGFBP-2 (31). Although it was not possible to determine the food intake of the sow-fed piglets, their higher growth rates, compared with animals fed a replacement formula, suggest that they might have had a particularly high energy intake. This may have elevated IGFBP-3 and hence increased the half-life of circulating IGF-I. Furthermore, an increase in energy intake could increase hepatic IGF-I synthesis via an increase in GH receptors (41) . A concomitant increase in hepatic IGF-I release, due to an elevation in insulin levels (11, 36), would then result in an elevation in plasma IGF-I while maintaining constant the hepatic IGF-I concentration. Clearly, future studies should be concerned with increasing our under--standing of the mechanisms involved in synthesis and utilization of IGF-I in the perinatal period, and the role of milk IGF-I in determining growth rate also remains to be --
established.
Implications of the large difference in plasma IGF-I concentration between the maternally fed and formulafed neonates also need to be determined. The present results suggest that the IGF-I in maternal milk can be absorbed b i neonatal piglets, and it may also act locally on the intestinal epithelial cells. Irrespective of whether the elevated IGF-I in maternally fed piglets results from differences in intestinal transport, hepatic synthesis and release, or IGFBP profiles, IGF-I is known to play an essential role in the growth and differentiation of many tissues. For example, it induces expression of specific genes in skeletal, cardiac, and smooth muscle (49), and many developmental changes also occur in the digestive and absorptive functions of the small intestine during neonatal life (50) . The extent to which tissue development, including that of muscle and intestine, is affected by early nutrition therefore needs to be assessed.
